Amongst sludge reduction strategies, the anaerobic side-stream sludge holding tank (SHT) is of particular interest because it has shown significant sludge reduction efficiency. However, due to the anaerobic and starving environment of the SHT, the release of extracellular polymeric substance (EPS) may be stimulated, and it may hamper the application of the SHT to the membrane bioreactor.
INTRODUCTION
The treatment and disposal of waste activated sludge has become more challenging, mainly due to stronger public opposition and stricter regulatory pressure. The London Protocol, which came into force in March 2006 prohibits the ocean dumping of waste sludge. Accordingly, many studies have attempted to minimize excess sludge production by treating sludge using mechanical solubilisation (Nah et al. ) , heat treatment (Yan et al. ) , chemical oxidation (He & Wei ) , or biological hydrolysis (Yang et al. ) . However, these methods require the installation of additional unit processes in the sludge handling procedure, and these require a relatively high amount of energy consumption. Among several sludge reduction strategies, the anaerobic side-stream sludge holding tank (SHT) is of particular interest due to its significant sludge reduction efficiency. It also causes no negative effects on sludge settling and effluent water quality (Datta et al. ; Nam & Kang ) . The oxic-settling-anaerobic (OSA) process is one of the typical methods utilizing anaerobic SHT installed in the sludge recycling line (Chudoba et al. ) . Uncoupling metabolism, changes in the ratio of initial substrate to biomass concentration, microbial decay, domination of microorganisms with low growth rate, and involvement of a predator have been proposed as possible mechanisms for yield reduction in the OSA process (Low & Chase ; Chen et al. ) . Of these possible solutions, uncoupling metabolism has been widely studied as the most plausible mechanism (Low & Chase ; Chen et al. ) . By introducing recycled sludge into anaerobic SHT for a certain period of time, microorganisms are induced into the initial stage of the endogenous growth phase. Once the microorganisms are moved from the SHT to the bio-reactor containing a relatively high amount of substrate (influent chemical oxygen demand (COD) concentration of about 90-310 mg/L), the inhibition effect of microbial metabolism takes place. This rapid change in the growth environment leads to a sludge yield reduction (Low & Chase ; Chen et al. ) . It can also be explained by the reduced production of adenosine triphosphate in microbial cells.
Conversely, wastewater reclamation and reuse have been now considered as one of the ways to alleviate water scarcity. As a result, the utilization of membrane in the field of wastewater treatment has become more widespread. For membrane bioreactor (MBR) systems, however, membrane fouling is the most significant obstacle in its application due to declining flux and the need for increased cleaning frequency. Therefore, membrane fouling can increase operating costs. Of the causes of membrane fouling, extracellular polymeric substance (EPS) produced by microorganisms has been recognized as the main source in MBR systems (Chang et al. ; Drews et al. ; Meng et al. ) . In particular, for MBR systems, the effects of EPS release in SHT should be considered since the harsh conditions of SHT with little oxygen and substrate may trigger higher amounts of EPS release by microorganisms. Barker & Stuckey () reported that microorganisms release EPS to obtain maintenance energy through endogenous respiration or metabolism of intracellular components when substrate is highly limited. The increased release of EPS, therefore, may act as a barrier to the application of SHT to MBR systems.
In this study, 50 m 3 /day of a pilot sequencing batch reactor (SBR) system, coupled with anaerobic SHT, was operated for about 2 years to quantitatively evaluate the reduction of sludge production. The system's sludge production was reduced by 63.5% compared to normal SBR. For the evaluation of sludge production, the kinetic parameters estimation method was used as it provides more direct evidence than mixed liquor suspended solids (MLSS) measurement. The detailed results from the experiments have been reported by Nam & Kang () . From the pilot system, settled sludge was taken from the sludge recycling line to SHT, and incubated anaerobically in a series of bench-scale SHT reactors. Using the sludge from each reactor, which had different anaerobic incubation times, EPS was extracted and quantified. In addition, the filterability of each sludge sample was compared using 0.1-μm polyvinylidene fluoride (PVDF) membrane in a stirrer cell. From the experimental results, the appropriateness of SHT application to MBR was evaluated. In addition, optimal design and operation parameters of SHT for MBR systems were suggested.
METHODS

Pilot plant operation
A pilot-scale SBR process (50 m 3 /day) coupled with SHT ( Figure 1 ) was operated for about 2 years in a local sewer treatment plant located in the suburban metropolitan area of Seoul, Korea. The SBR system was operated with a 6 h operating cycle, and fed with raw wastewater that was pretreated with 0.2-mm fine screen (Kumsung MC, Korea). For the 'reaction' sequence, the reactor was intermittently aerated to operate the SBR as a biological nutrient removal system. On the 'return' cycle, 0.5Q (Q ¼ influent flowrate) of settled sludge was pumped into SHT while the sludge incubated in the anaerobic SHT was returned to the SBR reactor by gravitational flow. The SHT was maintained in reductive conditions (oxidation-reduction potential of around À250 mV) with a hydraulic retention time of 6 h, the same as one operation cycle of the SBR system. Detailed descriptions of the design and operation of the pilot SBR system have been reported by Nam & Kang () .
EPS extraction and quantification
From the pilot SBR system, settled sludge (with an MLSS concentration of 5,538 ± 18 mg/L, measured using a 0.45-μm filter) was taken from the sludge recycling line to SHT, and incubated anaerobically in a series of bench-scale SHT reactors. Each reactor, with a working volume of 1-L, was sealed and placed in a shaking water bath at 30 W C for different periods of time (ranging from 0 to 24 h). After incubation, EPS was extracted and quantified from each sludge sample according to the procedure described by Zhang et al. () . For soluble EPS (S-EPS), 100 mL of each sludge sample was settled for 30 min, and the supernatant was collected for EPS extraction. The settled sludge sample was added, along with deionized water, to the original volume, mixed thoroughly, and centrifuged at 10,000 g for 10 min. Loosely bound EPS (LB-EPS) were extracted from the supernatant. The centrifuged sediment was again added, along with 40 mL of 0.1 N NaOH solution, put in a shaking water bath of 4 W C at 300 rpm for 40 min, and centrifuged at 19,000 g for 15 min. The supernatant was neutralized with 0.1 N HCl and used for the extraction of tightly bound EPS (TB-EPS). The total amount of the three EPS fractions was considered as total EPS (T-EPA). Concentrations of carbohydrates and proteins, which are major components of EPS, were analysed by Anthrone (Frølund et al. ) and BCA (Noble & Bailey ) methods, respectively. For the carbohydrate standard, glucose was used while bovine serum albumin was used as the protein standard. All extraction and quantification experiments were performed in triplicate.
Filterability test
Filterability tests for each sludge sample incubated at different periods of time was carried out at 20 ± 2 W C using a stirrer cell of 150 mL (Amicon 8200, Millipore Co., Billerica, MA) and flat sheet PVDF membrane with 0.1-μm pore size and 32 cm 2 surface area (VVLP09050, Millipore Co., Billerica, MA), as described in Figure 2 . The initial pure water flux, J (0) of the membrane was measured using deionized water. 150 mL of each sludge sample incubated for different periods of time was filtered under constant pressure (0.5 MPa) using N 2 gas. After filtration, the cake layer on the membrane surface was carefully removed, and the membrane was backwashed with 150 mL of deionized (DI) water applying the same pressure. Afterwards, membrane flux was again measured using 150 mL of DI water. This cycle was repeated three times. During the filtration, permeate was taken into a reservoir placed on an electronic balance to measure permeate flux. The measured value was automatically recorded every 5 s. In order to investigate the effects of increased EPS concentration on membrane fouling, the reversibility of the flux by backwashing was calculated using Equations (1) to (3).
J s(n) and J e(n) are the starting and ending flux of sludge samples at n-th filtration, respectively. Irreversible fouling, IF n is defined here as accumulated fouling after n-th filtration that is not recovered by backwashing. It is represented as flux at the beginning of the next cycle, J s(nþ1) , compared to the initial flux, J (0) (Equation (1)). Reversible fouling, RF n is fouling that is recoverable by backwashing (Equation (2)). Total fouling, TF n is, therefore, the sum of irreversible (IF n ) and reversible fouling (RF n ) accumulated during n-th filtration (Equation (3)).
RESULTS AND DISCUSSION EPS release in anaerobic SHT
In order to investigate the release of EPS in the anaerobic SHT, sludge samples taken from the pilot plant were incubated under reductive anaerobic conditions for 24 h. EPS concentrations were analyzed in three different fractions (soluble, loosely bound, and tightly bound EPS) with respect to incubation time; normalized concentrations with the amount of mixed liquor volatile suspended solids (MLVSS) were also calculated ( Table 1) .
As indicated in Figure 3 and Table 1 , the increase in T-EPS was not significant until the incubation time of 12 h (9.3%), while the T-EPS concentration after 24 h steeply increased (about 40.9% relative to the initial concentration). Since EPS can be utilized as substrate by microorganisms, the increase in EPS concentration indicates a greater rate of cell lysis than that for EPS consumption, which, in turn, suggests the initiation of a fully developed endogenous growth phase after 12 h. Although there was no significant change in the ratios of each EPS fraction with incubation time, LB-EPS slightly decreased from 9.7 to 7.4%, while TB-EPS showed a slightly increasing trend from 69.4% to about 74%. According to the 'unified theory' proposed by Laspidou & Rittmann () , EPS can be classified into two categories: that is, utilization-associated products formed during substrate utilization and biomass-associated products (BAP) formed from endogenous cell decay. In the absence of substrate supply into the SHT, a decreased ratio of LB-EPS and an increased ratio of TB-EPS may be explained by the increased ratio of BAP caused by the accelerated rate of biomass degradation with time.
A significant increase in T-EPS after 12 h indicates accelerated cell lysis, which suggests that microorganisms underwent a fully developed endogenous growth phase. In the design phase of the pilot SBR system, the optimal retention time of sludge in SHT was determined by anaerobically incubating settled sludge taken from the same wastewater treatment plant and by monitoring ammonia concentration released from biomass decay with incubation time (Nam & Kang ) . Since induction of the initial stage of the endogenous phase within microorganisms is critical for the reduction of sludge production, the time required to accelerate the rate of ammonia release was considered as the optimal retention time of SHT. In the incubation experiments performed in a similar condition to this experiment (sludge with 5,000 mg/L MLSS at 30 W C), the ammonia release rate was increased after 10 h, whereas accelerated EPS release was observed after 12 h. Figure 4 shows the graphical comparison of both experimental results. More than 2 h of the lag time may have been caused by the time required for the EPS release rate surpassing the EPS consumption rate. Although the exact increasing trend of EPS concentrations between 12 and 24 h is not shown in Figure 4 due to the limited numbers of experimental data, it is important to understand that a significant increase in EPS concentration occurs only after initiation of the endogenous phase. Therefore, anaerobic SHT can be incorporated into an MBR system for the purpose of sludge reduction with no significant deterioration of performance on membrane filtration. According to Wang et al. () , however, EPS release is increased at low temperature, while the time to the initial stage of the endogenous phase is delayed. In operation conditions at low temperature, EPS can be released excessively before the initial stage of the endogenous phase, and, therefore, the temperature of SHT should be maintained appropriately when it is coupled with an MBR system.
Membrane filtration test
Many studies have revealed that EPS produced by microorganisms plays a major role in membrane fouling by analysing foulants on the membrane with Fourier transform infrared (FT-IR) spectroscopy and fluorescence excitationemission matrix (Meng et al. ) . Although the amount of EPS released in anaerobic SHT was quantified with respect to retention (or incubation) time, its effect on membrane fouling and reversibility was directly evaluated using a stirrer cell with 0.1-μm PVDF flat sheet membrane. Some flux data measured under the constant pressure (0.5 MPa) are shown in Figure 5 . As shown in the figure, filtration curves of the samples incubated up to 12 h exhibited no significant differences. By backwashing with deionized water after each filtration of the sample, the flux recovered was greater than 90 and 80%, respectively, both with the samples incubated for 0 and 12 h. Conversely, the filtration curve of the sample incubated for 24 h indicated a more rapid decrease in flux and less recovery by backwashing. After the first backwashing, the flux recovered was about 78%, and after the second backwashing the recovery was limited to about 59%. Using the filtration data, reversibility of the fouling was calculated using Equations (1) to (3), and the results are shown in Figure 6 . In tests with the samples incubated up to 12 h, irreversible fouling was in the range of 16-18% in the first filtration, and no considerable increase in irreversibility was observed in the repeated filtration with backwashing (up to 21%). However, in tests with the sample incubated for 24 h, irreversible fouling in the first filtration was about 27%, and increased to 35% at the third filtration. The decreased reversibility of the sample incubated for longer than 12 h indicates the importance of proper design of SHT in terms of hydraulic retention time. If the retention time is longer than the time to the initial stage of the endogenous phase, the EPS release rate will surpass the uptake rate. The accumulated EPS will increase irreversible membrane fouling which cannot be recovered by physical backwashing. Therefore, operation of SHT with a longer retention time may create the need for more frequent chemical cleaning, higher operating costs, and ultimately, a shorter membrane lifetime.
The increased irreversible fouling was also visually identified by taking scanning electron microscopy (SEM) images as shown in Figure 7 . After the filtration tests, membranes were backwashed again before taking images. In the membrane used for the filtration of the 24-h sample, more significant fouling was observed compared to other membranes.
CONCLUSION
In this study, the release of EPS and its effect on membrane filterability was evaluated with respect to anaerobic incubation time in SHT reactors. Within 12 h of anaerobic incubation, no significant increase in EPS concentration was observed (9.3%), while a 40.9% increase was observed after 24 h. In the membrane filtration test, irreversible fouling was not significantly increased in the sludge samples incubated for 12 h (up to 21% with repeated filtration), but it increased to about 35% for the sample incubated for 24 h. According to the findings of this study, 
